Abstract Recently, the World Health Organization's International Association for Research on Cancer classified outdoor air pollution as carcinogenic to humans and puts air pollution in the same category as tobacco smoke, UV radiation, and plutonium. The ambient air is polluted by emissions from motor vehicles, industrial processes, power generation, household combustion of solid fuel, and other sources. Dust storms lead to particulate levels that exceed internationally recommended levels, especially near the Sahara. However, this source of air pollution appears to be under-studied, particularly in the literature devoted to human health impacts in West Africa. More than 50 % of the total dust emitted into the atmosphere comes from the Sahara. These aerosols contribute to increase the concentrations of particles smaller than 10 μm (PM 10 ), which are breathable particles. This study is the first designed to assess the real impact of Saharan dust on air quality and respiratory health of children in a region of West Africa. Dust events having affected the Northern Benin during the dry seasons between 2003 and 2007 were determined. The analyzed health data are the monthly rates of acute lower respiratory infections (ALRI). Over the entire study period, 61 days of dust events were observed in the region. They recorded on average a daily PM 10 concentration of 1017 μg m −3 , more than 18 times higher than that calculated on all days without dust events. The study also highlighted a mean increase of 12.5 % of ALRI rates during the months recording dust events. The use of daily health data should help to refine these initial results in the future.
Introduction
It is now acknowledged that the disease burden due to air pollution is substantial. Recently, the World Health Organization's International Association for Research on Cancer (IARC) classified outdoor air pollution as carcinogenic to humans and now puts air pollution in the same category as tobacco smoke, UV radiation, and plutonium. Approximately 223,000 lung cancer deaths in 2010 were attributable to ambient fine particles, more than half in China and other East Asian countries. Yet, exposure to ambient fine particles was recently estimated to have contributed 3.2 million premature deaths worldwide in 2010, due largely to cardiovascular disease (Straif et al. 2013) . Emissions from motor vehicles, industrial processes, power generation, household combustion of solid fuel, and other sources pollute the ambient air across the globe (Straif et al. 2013) . Dust storms lead to particulate levels (PM10 concentrations) that exceed internationally recommended levels especially near the Sahara (de Longueville et al. 2013a ) but this source of air pollution appears to be under-studied, particularly in the literature devoted to human health impacts in West Africa (de Longueville et al. 2013b) .
The Sahara and its surroundings, by producing about half of the global yearly mineral dust, is the main source of atmospheric mineral dust of the world. About 12 % of the Saharan dust moves northwards to the Mediterranean and Europe; 28 % westwards crossing the Atlantic Ocean to the USA, the Caribbean, and South America; and 60 % southwards to the Gulf of Guinea (Engelstaedter et al. 2006) . Paradoxically, the scarcity of information about air quality relating to the African continent is a reality illustrated by the recent map of exposure to PM 10 in urban areas worldwide (WHO 2012) . Of 1100 urban areas listed, only ten (less than 1 %) are located within the African continent (54 countries, >30,000,000 km 2 ), six times less than the station data available in France. Moreover, none of the air quality data from these ten African cities are complete. Only a few unspecified months are used to give an 'annual PM 10 concentrations' global picture. Despite these large uncertainties, annual PM 10 concentrations exceed 50 μg m −3 in all African cities represented but the situation seems even more critical in the eastern Mediterranean Region (Iran, Pakistan, United Arab Emirates, and Saudi Arabia) and in Southeast Asia (India) (WHO 2012) . However, the use of alternative data sources allows us to draw far more alarming facts than those reflected in this WHO map. Based on the AMMA 1 database, Banizoumbou (South Niger) had recorded a high annual PM 10 concentration of 149 μg m −3 in 2006 and 225 μg m −3 in 2007 (Marticorena et al. 2010 ). This shows an important interannual variability not reflected in the published map.
With the level of PM 10 concentration recorded in 2007, Banizoumbou would be ranked 1094th of 1100 if it had integrated the classification of cities on the maps. The town counted fewer than 1500 inhabitants in 2000, but its position relative to the Sahara and the mainstreams is close to the situation of Niamey (more than 1,300,000 inhabitants in 2011), without the presence of anthropogenic pollutants. ) and August (14.8 μg m −3
) for 2007. As expected, the highest PM 10 concentrations are noted during the dry season in which the majority of the dust events occur (Goudie and Middleton 2006) . This underlines that the annual PM 10 concentrations can be strongly biased in the case of missing monthly values in the calculation of the annual average.
In Niger and Mauritania, estimations of PM 10 concentrations from horizontal visibility reductions showed that mineral dust accounts for 106 and 137 annual daily exceedances of the 50 μg m −3 PM 10 limit value (Ozer 2005; Ozer et al. 2007) , indicating a strong likelihood of health impacts. The map depicting the global estimates of ambient fine particulate matter concentrations from satellite-based aerosol optical depth confirms that the whole north half of the African continent is home to the highest PM 2.5 concentrations of the world (van Donkelaar et al. 2010) . Knowing that PM 2.5 mainly emanate from urban areas and that desert dust also consist of a large part of PM 10 , the results would be even more worrying in case of global estimation of PM 10 concentrations. In spite of the disproportionate levels reached in West Africa, existing studies seem to put aside (i) Africa, (ii) desert dust as a major source of pollution in the air breathed, and finally, (iii) the impacts of the desert dust's pollution of the air on the health of African populations. As well as other sources of air pollution, special attention should be paid to dust storms since such mineral particulate matter air pollution may be a serious health threat because it may promote respiratory infection, cardiovascular disease, and other ailment. According to Sandstrom and Forsberg (2008) , coarse particles are more likely to be deposited in the bronchial passages and thereby affect respiratory conditions. In contrast, fine particles seem more likely to reach the alveoli and lead to cardiovascular events. Saharan dust also carries large amounts of pollens and microorganisms such as bacteria and fungi, as well as related protein and lipid components (Griffin 2007; Garrison et al. 2014) . Moreover, particulate matter may contain endotoxins, which are the components of the bacterial wall and could cause respiratory and systemic inflammatory responses and can exacerbate lung disease (Sandstrom and Forsberg 2008) . A number of adverse health effects have been associated with desert dust in the literature including respiratory diseases (among others asthma and pneumonia), cardiovascular diseases (ischemic heart disease and cerebrovascular disease), cardiopulmonary diseases (chronic obstructive pulmonary disease), and more rarely, allergic rhinitis. Coccidioidomycosis, meningococcal meningitis, conjunctivitis, dermatological disorders, algal blooms and red tides, deaths, and injuries resulting from transport accidents have also been associated with desert dust events (Goudie 2014) . Quantitative studies on health impacts of desert dust generally focus on Asia (de Longueville et al. 2013b) . In recent years, many authors have identified significant health impacts of Saharan dust events in Southern Europe (Mallone et al. 2011; Nastos et al. 2011; Perez et al. 2012 ) although PM 10 concentrations were well below those recorded in West Africa.
The physicochemical composition of Saharan dust is different from industrial dust, vehicle pollutants, smoke from wildfires, household combustions of solid fuel, and other pollutants (Wagner et al. 2012) ; so the health impacts may be different. Based on a single study, desert dust events seem to produce fewer biological impacts than anthropogenic sources (Val et al. 2013 ) but it is not sufficient. Indeed, in the light of the levels of PM 10 concentration recorded near the Sahara and the significant health impacts demonstrated in other parts of the world, new research is urgently needed to estimate the contribution of this source of pollution to mortality and morbidity in West African populations.
Based on the combination of multiple sources of data in the presence of desert dust and an original health database, the objective of this research is to verify the existence of impacts of Saharan dust on air quality and respiratory health in West Africa. It is also trying to quantify the possible links between the presence of desert dust in the air breathed by people and the occurrences of acute lower respiratory infections (ALRI) affecting children under 5 years old in the northern rural Benin. In this sense, the present study complements previous studies on air quality in Africa that consider the impact of carbonaceous aerosols on respiratory diseases in the African cities (e.g., Liousse and Galy-Lacaux 2010) on the one hand, and the studies on dust and its impact on huge outbreaks (like meningitis but not respiratory diseases) in rural environment (e.g., Martiny and Chiapello 2013) on the other hand.
Study Area and Period
There are several sources of aerosols within the Sahara (d'Almeida 1986; Prospero et al. 2002) and different trajectories on the African continent (Middleton and Goudie 2001) . We focus on dust from the Bodélé depression of Lake Chad that is transported during the dry season at low altitudes by the Harmattan, to the South of Niger, and Nigeria before reaching the Gulf of Guinea .
The study area is one of the 34 health zones of Benin ( Fig. 1) , and the study period includes four dry seasons between 2003 and 2007. The chosen health area (region of Kandi) is located in the north of the country, away from densely populated areas and large urban centers from which emanate various anthropogenic pollutants (Lindén et al. 2012) . The choice of the area and the study period was restricted by limited availability of both desert dust data and ALRI in young populations (children under 5 years old). Restrict the study of dry seasons is relevant because mineral dust essentially flow close to the surface in the first trimester of the year as it has been shown in the previous studies based on satellite and/or aerosol in situ measurements in Senegal (Léon et al. 2009 ) and in Niger and Mali . A fairly efficient health data system exists in Benin where it was also possible to collect data of horizontal visibility for the months of dry season (November to March) between February 2003 and December 2007 from the meteorological station of Kandi (2.94°E, 11.13°N).
Data and Method
Saharan dust events affecting the study area during four dry seasons (2003-2004, 2004-2005, 2005-2006, and 2006-2007) have been determined on the basis of the combination of two data sources. On the one hand, the literature "in the broad sense", i.e., scientific articles, grey literature available online, and websites of satellite data, was explored through a combination of systematic keywords queries made in English and French. After verification, only the episodes that were likely to affect the quality of the air in Benin were listed with regard to the origin of dust (Sahara and more particularly the Bodélé depression), the dust trajectories (west and southwest), and/or the affected areas (regions of West Africa) (Table 1) . On the other hand, hourly data of horizontal visibility observed at the meteorological station of Kandi have been acquired from the National Meteorology Centre of Benin for the same period. The horizontal visibility is a substitution variable of the air quality, defined by the World Meteorological Organization (WMO) as 'the maximum distance at which an observer can see and identify an object located near the horizontal plane where it is itself' (WMO 1992). Various weather conditions can explain significant visibility reductions. During the dry season, the visibility can be reduced by the presence of desert dust (Nouaceur 2004; Ozer 2005) . To identify potential Saharan dust events affecting the study area, we observed changes in daily minimum hourly visibility during the study period. The criterion defined for classifying an episode as potentially being a dust event was the registration of daily minimum hourly visibility less than 2 km for at least two consecutive days. Finally, the confrontation of the resulting dust events of two data sources gave rise to three cases based on the concordance or discordance between dust episodes relayed in literature and the observation of decreases in visibility to Kandi (Table 2) .
To quantify the impacts of the Saharan dust events on the quality of air breathed in the study area (case 1 in Table 2 ), hourly data of horizontal visibility (V in dam) have been converted into concentrations of particles smaller than 10 μm (PM 10 ) (C in μg.m , where there were no dust events. From hourly data of visibility, values of average daily concentrations were calculated. A comparison was then made between the average of the concentrations throughout the day with a dust event and the daily concentrations averaged over the entire day without a dust event.
Health data come from the Système National d'Information et de Gestion Sanitaire (SNIGS) established in Benin in 1995. They are based on the monthly statistics of consultations of children under 5 years old for ALRI recorded in public health centers. Data for the months of the dry season between January 1998 and December 2008 (i.e., ten full dry seasons in all) and aggregated across municipalities have been acquired from the Ministry of Public Health of Benin. They focus on the three municipalities located in the health zone of Kandi and have been converted into monthly consultation rates for ALRI thanks to the number of population by age and present health area in the directories of health statistics published annually. After calculations, the ALRI rates are reported to 10,000 children under 5 years old. However, these rates should be multiplied by 3.33 to approach reality as the rate of attendance at public health centers is estimated at 30 % (Godonou, personal communication in 2008) because of the existence of alternatives (self-medication, traditional medicine, and private health centers).
To check the impacts of desert dust on the health of young children, we focus attention on the variability of the monthly ALRI rates during the dry season. The months and the years when people were most affected were determined. The results were then juxtaposed with the dust events having degraded the air quality in the study area. Finally, we attempted to quantify the impacts, mainly by comparing the average recorded during the months with and without dust events and by calculating the inter-seasonal variations (throughout the season on the whole and month by month) and intraseasonal variations.
Results

Determination of Dust Events
A review of the literature exposed 16 dust events in dry seasons between November 1, 2003 and March 31, 2007 ( Table 1) that are likely to have affected the air quality in the region of Kandi, on the basis of the source (Sahara and more particularly the Bodélé depression), the dust path (west and southwest), and/or the affected areas (regions of West Africa). Although the list in Table 1 is not exhaustive, it certainly includes the most significant dust events in the studied path and gives an idea of the frequency and the monthly breakdown of dust events during the dry seasons in the region of interest. Figure 2 shows how the minimum hourly visibility during the 2003-2004 dry season has fluctuated. The arrows highlight potential dust events which affected the region of Kandi on the basis of the criteria defined in the methodology (at least two consecutive days experienced a minimum hourly visibility below 2 km). Similarly, the analysis of these data series on the whole of the period detected 17 dust events (Table 3) Throughout the study period, the juxtaposition of information from the two sources used to detect dust events showed ten Saharan dust events affecting the quality of the air breathed in the study area (case 1 in Table 2 ); they are shaded in Table 3 . These ten events include 61 days in total. In addition, the literature revealed six Saharan dust events that likely did not impact the air quality in the study area (case 2 in Table 2 ). This could be explained by an event misidentified in term(s) of source or trajectory in the literature that would actually leave Kandi outside the areas affected by desert aerosols. Dust would be transported somewhere else. There exists a high variability of the dust transport at the surface and over long distances (Klose et al. 2010) . Another explanation would be the passage of dust over the area of Kandi at high altitude. Indeed, when the inter-tropical front is moving from the south northward, dust clouds coming from the north are sent in upper layers of the atmosphere (Middleton and Goudie 2001) . The analysis of the visibility highlighted seven additional events during which breathed air quality seems to have also been highly degraded in the study area (case 3 in Table 2 ). These events are probably due to the presence of carbonaceous aerosols and terrigenous aerosols from other sources near the soil surface.
Carbonaceous aerosols mostly found in December, January, and February are due to the burnbeating widely used in the Sudanian zone (Rajot et al. 2012) . Terrigenous aerosols from other sources are mainly from fields with crops and set in motion locally by wind. In the north of Benin, wind erosion, although more limited and less alarming than in the Sahel, is found in the plains around Kandi and Banikoara and locally in the savannas and fallows mainly open where there are surface crusts (de Haan 1997).
Impacts on the Quality of Air Breathed by Population
During the 61 days of dust events that have affected the air quality in the study area, Kandi has recorded a daily average PM 10 concentration of 1017 μg m Italics show the connections with the events identified in the literature nature of this last event have also been explored elsewhere (Ozer 2006; Nouaceur 2008) . It seems that the effects of desert dust on air quality are more substantial than the effects caused by other types of aerosols. This occurs over the study period in terms of the magnitude of the impacts of the dust events on the daily PM 10 concentration (an average of 1017 μg m −3 on a total of 61 days of dust events against an average of 508 μg m −3 on 22 days where concentrations have likely increased due to the presence of other types of aerosols). The duration of events, evaluated in terms of the number of days where aerosols visibly degrade the air quality, is also more important for desert dust events than for episodes related to other types of aerosols (6.1 successive days on average over ten Saharan dust events, with a maximum of 12 days against an average of 3.1 successive days on seven 'other' events with a maximum of 4 days).
Impacts of Desert Dust on ALRI in Children Under 5 Years Old
The health zone of Kandi that records an annual peak of ALRI rates in March (Fig. 3) shows a situation close to what the authors described in Mali with an initial increase in the number of ALRI cases during the hot and dry season and a second during the rainy season (Findley et al. 2005; Medina et al. 2007) . A longitudinal study in a village in Burkina Faso showed that 44 % of fell ill during the 6 months of rainy season and 48 % during the 6 months of dry season. Acute respiratory infections (ARI) accounted for 59 and 73 % of illnesses during the rainy season and the dry season, respectively (Lang et al. 1986 ). Throughout the consultations, 45 % took place for ARI and 24 % specifically for ALRI. From these data, it was possible to calculate that approximately 28 children out of 151 (18.5%) were affected by an ALRI during the dry season in the studied village. Desert dust events are not discussed in this study. For the health zone of Kandi, via a calculation based on the sum of the monthly average of the 5-month dry season and taking into account the rate of visits to health centers, it is estimated that 13.2 % of children are affected by ALRI during the dry season. Differences in the proportion of children affected by the ALRI in the village of Burkina Faso and in the Kandi area can be explained by the length of the dry season, certainly, but other factors can come into play such as the fact that the study of Lang and his colleagues took place during the great drought (Lang et al. 1986 ). Figure 4 shows the variability of the monthly rate of consultations for ALRI in children under 5 years old during the 5-month dry season between November 1998 and March 2008 in the health zone of Kandi. Rates significantly decreased almost systematically from November to December and to a lesser extent from December to January, except during the dry seasons 2000-2001 and 2001-2002 where there is a slight increase in rates between December and January. Conversely, from January to February rates grow, this is also the case from February to March. In general, many dust events are concentrated in the end of the dry season (Koren et al. 2006) . It is also in this period, at the end of the dry season, that young children are more likely weakened by prolonged exposure to dust (Derbyshire 2007 were recorded at the center of the dust storm. The average ALRI rates of dry seasons 2001-2002, 2003-2004, and 2005-2006, respectively, worth 78, 80, and 79 From a quantitative point of view, it is difficult to calculate precisely, on the basis of available data, the progression of ALRI rates attributable solely to the Saharan dust as this could be done in other contexts, often on a smaller population, a very short period of time, and/or a less extensive area (Meng and Lu 2007; Middleton et al. 2008; Monteil 2008; Samoli et al. 2011) . So, throughout the dry months of the 2003-2007 period, we were able to estimate that monthly ALRI rates increased on average 12.5 % during the months affected by the ten dust events in comparison with the months of dry season that experienced no dust events. This increase is above 18 % if we exclude the months of November where a single dust event has been registered and where high rates are probably explained by other processes (change of season). Because dust events last an average of 6 days, the use of health data in a shorter time step (decadal or daily) might lead to more accurate results. The month of March 2004 recorded an ALRI rate among the highest (141, an increase of 163 % between January and March) while three major dust events were recorded during the period of February-March 2004, with significant impacts on visibility and PM 10 concentrations. Throughout the 10 years of health data, monthly ALRI rates vary by as much as 100 % within a dry season. When analyzing the inter-annual variations for each month of the dry season, it can be seen that ALRI rates vary by a factor of 2 in December (38 in December 1998, 80 in December 200) to a factor of 4 in February (45 in February 2007 , 183 in February 2000 .
Discussion
Recently, in a paper about the climate as a risk factor for health in West Africa published in the framework of the AMMA project (African Monsoon Multidisciplinary Analyses), the authors evoke the cases of malaria, cholera, and meningitis based on several references of studies but respiratory infections are not mentioned (Martiny et al. 2012) . To fill this gap, we used an original database on ALRI consultations of children under 5 years old over several years in a health zone of Northern Benin. The combination of the two sources of data to detect the presence of desert dust in the lower layers of the atmosphere is a highlight of this study since it allows us to target and validate the intrusions of desert dust in the air breathed by the population. From this point of view, it differs from the studies that use remote sensing to identify dust storms, without really making sure that it is the lower layers of the atmosphere which are concerned (Middleton et al. 2008) . However, in some cases, like the study of the relation between desert dust and meningitis epidemics in the Sahel, the use of aerosol index based on remote sensing data seems efficient (Deroubaix et al. 2013) .
The results of this study are still preliminary because analysis opportunities have been limited for several reasons. First, the reliability of treated health data is reduced. Indeed, alongside missing data and encodingrelated errors, there are errors due to incorrect diagnoses. Seeing that non-clinical diagnostics are made in the rural health centers and the ALRI often occur in association with other infections (diarrhea) or unsanitary living conditions (malnutrition), the risk of having data subject to errors is high. Moreover, some additional unquantifiable biases also exist (attendance, traditional medicine, distance, variation of financial resources in the year…). Then, the time step of health data is not optimal. Intense dust storms are usually short-lived, even though they may cover several consecutive days, and according to published studies, the clinical time between exposure and the onset of the disease would also be short (Meng and Lu 2007; Cheng et al. 2008; Monteil 2008) .
The acquisition of data to a finer time step appears essential to improving analysis and refining the results. Finally, we must bear in mind that significant increases in ALRI rates during the dry season are not attributable only to the presence of desert dust in the air inhaled even if they seem to have a direct impact in most cases. As mentioned previously, carbonaceous aerosol and other terrigenous dust related to the activities of culture soils are also present in the air, at the height of human activities, during this time of the year (de Haan 1997; Rajot et al. 2012) . Their inclusion should allow for a better identification of the exact role of desert dust in the degradation of the air quality and determine more precisely the impacts on the respiratory health of children. Moreover, a study on the potential role of other meteorological factors had also highlighted a resurgence of ALRI cases during the dry seasons with temperatures and the lowest minimum relative humidities (de Longueville et al. 2013c ).
The first results should encourage the improvement of the health data acquisition system and further research on the subject. It would be also relevant to reproduce this kind of study in a Sahelian zone but the data access is more problematic.
Conclusions
During the dry seasons of the period 2003-2007, ten dust events found in the literature had significant impacts on the quality of the air in the health zone of Kandi. Significant decreases in visibility on some consecutive days and an average multiplication by 18.5 of the daily PM 10 concentrations were recorded at the meteorological station of Kandi during these events. Through access to thus far unexploited health data and despite the time step at which they are available, some interesting elements emerged from this study. In the study area, direct confrontation between the dust events data and health data showed good consistency both at the level of the whole seasons and the level of the most affected months by dust events. Monthly ALRI rates vary on average from simple to double during the dry season. The increase in the consultations for ALRI is progressive and generally peaks at the end of the dry season. The months experiencing dust events have an average increase of 12.5 % of their ALRI rates compared to the other months. However, the combination of the relatively short duration of dust events, the monthly time step of health data, and the role played by other factors not studied here makes the precise quantification of dust impacts difficult in comparison with other regions of the world. Daily data of medical consultations should allow for more specific statistical methods, a refinement of the results and a more accurate evaluation of the effects of a particular dust event on the respiratory health of the young people of this area. Taking account of other sources of air pollution should also be considered to improve overall understanding of the phenomenon and the specific role played by desert dust in the increase of ALRI cases in children under 5 years old during the dry season within this Western African region.
